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ABSTRACT
The bulge is the oldest component of the Milky Way. Since numerous simulations of Milky Way
formation have predicted that the oldest stars at a given metallicity are found on tightly bound orbits,
the Galaxy’s oldest stars are likely metal-poor stars in the inner bulge with small apocenters (i.e.,
Rapo . 4 kpc). In the past, stars with these properties have been impossible to find due to extreme
reddening and extinction along the line of sight to the inner bulge. We have used the mid-infrared
metal-poor star selection of Schlaufman & Casey (2014) on Spitzer/GLIMPSE data to overcome these
problems and target candidate inner bulge metal-poor giants for moderate-resolution spectroscopy
with AAT/AAOmega. We used those data to select three confirmed metal-poor giants ([Fe/H] =
−3.15,−2.56,−2.03) for follow-up high-resolution Magellan/MIKE spectroscopy. A comprehensive
orbit analysis using Gaia DR2 astrometry and our measured radial velocities confirms that these stars
are tightly bound inner bulge stars. We determine the elemental abundances of each star and find
high titanium and iron-peak abundances relative to iron in our most metal-poor star. We propose
that the distinct abundance signature we detect is a product of nucleosynthesis in the Chandrasekhar-
mass thermonuclear supernova of a CO white dwarf accreting from a helium star with a delay time of
about 10 Myr. Even though chemical evolution is expected to occur quickly in the bulge, the intense
star formation in the core of the nascent Milky Way was apparently able to produce at least one
Chandrasekhar-mass thermonuclear supernova progenitor before chemical evolution advanced beyond
[Fe/H] ∼ −3.
Keywords: Galactic bulge (2041); Milky Way dynamics (1051); Milky Way formation (1053); Popula-
tion II stars (1284); Stellar abundances (1577); Type Ia supernovae (1728)
1. INTRODUCTION
Since galaxies form from the inside-out, the bulge is
the oldest major component of the Milky Way. While
there are at least six physical processes that may have
contributed to the growth of the Milky Way’s bulge (e.g.,
Barbuy et al. 2018), it is statistically implausible that
Corresponding author: Henrique Reggiani
hreggiani@jhu.edu
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Telescopes located at Las Campanas Observatory, Chile.
† Hubble Fellow
the earliest stage of Milky Way formation failed to con-
tribute to the bulge’s stellar population at some level.
Indeed, numerical simulations of Milky Way-analog for-
mation have consistently shown that the metal-poor
stars in the inner few kpc of a Milky Way-like galaxy
are often the oldest stars in the dark matter halo host-
ing the galaxy.1 At the same time, the early chemical
evolution of the bulge is expected to differ significantly
1 See for example Diemand et al. (2005), Scannapieco et al. (2006),
Brook et al. (2007), Salvadori et al. (2010), Gao et al. (2010),
Tumlinson (2010), Ishiyama et al. (2016), Starkenburg et al.
(2017), Griffen et al. (2018), and Sharma et al. (2018)
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from that of the halo and surviving dwarf galaxies (e.g.,
Kobayashi et al. 2006). For these reasons, the explo-
ration of this first stage of Milky Way formation using
the chemical abundances of ancient metal-poor stars in
the inner Galaxy has long been a goal of Galactic ar-
chaeology.
Some of the expected differences in the chemical evo-
lution of the bulge and halo have already been observed
(e.g., Kobayashi et al. 2006; Cunha & Smith 2006; John-
son et al. 2012; Bensby et al. 2017; Gargiulo et al. 2017;
Barbuy et al. 2018). The star formation rates in the
event (or events) that lead to the formation of Milky
Way’s “classical bulge” component are thought to have
been very high. This intense star formation in a metal-
poor environment would have produced many otherwise
uncommon stellar systems, perhaps including the pro-
genitors of relatively rare classes of supernovae (e.g., hy-
pernovae, spinstars, thermonuclear supernovae on core-
collapse supernovae timescales, etc.). The existence of
metal-poor stars in the inner bulge despite this intense
star formation requires the accretion of unenriched gas
on short timescales as expected in the denser and more
gas-rich z & 2 Universe. Both of these differences be-
tween the bulge and the halo/surviving dwarf galaxies—
frequent contributions from rare supernovae and the sig-
nature of ongoing accretion of unenriched gas—should
be apparent in comparisons of the detailed elemental
abundances of the most metal-poor stars in the inner
bulge, halo, and surviving dwarf galaxies.
While metal-poor stars in the inner Galaxy were his-
torically difficult to separate from the much more nu-
merous metal-rich stars in the bulge, significant progress
has been made in the last few years. Several groups have
discovered metal-poor giants in the outer bulge photo-
metrically using ultraviolet or mid-infrared photometry
or spectroscopically in multiplexed surveys (e.g., Garc´ıa
Pe´rez et al. 2013; Ness et al. 2013; Casey & Schlauf-
man 2015; Howes et al. 2015, 2016; Lamb et al. 2017;
Lucey et al. 2019; Arentsen et al. 2020). In spite of this
recent progress in the outer bulge, it has been impossi-
ble to study in detail or even find metal-poor stars with
[Fe/H] . −2.0 in the inner bulge (i.e., |l, b| . 4◦) due to
the extreme extinction and reddening in that direction.
In this paper, we have used the infrared-only metal-
poor star selection of Schlaufman & Casey (2014) to
discover the most metal-poor stars known in the inner
bulge. Follow-up high-resolution optical spectroscopy
has revealed that at [Fe/H] ∼ −3, the inner bulge has
high silicon and iron-peak abundances relative to iron
when compared to giant stars in the halo or surviving
dwarf galaxies. We attribute these differences to the oc-
currence of at least one Chandrasekhar-mass thermonu-
clear supernova that occurred early in the bulge’s chem-
ical evolution on a timescale comparable to core-collapse
supernovae. We outline our sample selection and obser-
vations in Section 2. We describe our analyses of these
data in Section 3 and report the chemical abundances
we infer in Section 4. We discuss the implications of
our findings in Section 5 and summarize our findings in
Section 6.
2. SAMPLE SELECTION AND OBSERVATIONS
As input to our candidate selection process we used
the Two Micron All Sky Survey (2MASS) All-Sky Point
Source Catalog (PSC) (Skrutskie et al. 2006) combined
with Spitzer/IRAC Galactic Legacy Infrared Mid-Plane
Survey Extraordinaire (GLIMPSE) II and GLIMPSE
3D catalogs (Benjamin et al. 2003; Churchwell et al.
2009). We dereddened and extinction-corrected these
photometric catalogs with the bulge-specific reddening
maps from Gonzalez et al. (2011, 2012) assuming a
Nishiyama et al. (2009) extinction law. We excluded
all stars with non-zero data quality flags (indicating
a possible data quality issue), neighbors within 2′′, or
extinction-corrected apparent 2MASS J-band magni-
tudes J0 ≥ 12.5. The latter cut ensured that we fo-
cused our attention on giant stars on the near side of the
bulge. We then applied the infrared-only “v1” metal-
poor star selection from Schlaufman & Casey (2014)
to the dereddened and extinction-corrected 2MASS and
Spitzer/IRAC photometry to generate our initial candi-
date list. The cuts described above resulted in a sample
of 10,915 candidate metal-poor giants with −10 ≤ l ≤
+10 and −5 ≤ b ≤ +5. To help prioritize spectroscopic
follow-up, we also estimated extinction-corrected I-band
magnitudes assuming a typical (I − J)0 = 0.8 color for
metal-poor giants bright enough to have J0 . 12.5 at 8
kpc.
We observed several thousand of these candidate in-
ner bulge metal-poor giants using the Anglo-Australian
Telescope’s (AAT) AAOmega multiobject spectrograph
fed by the 2 Degree Field (2dF) robotic fibre positioner.
We used the 580V and 1700D gratings in the blue and
red arms of the spectrograph, providing spectral resolu-
tion R ≈ 1,300 between 370 and 580 nm in the blue and
R ≈ 10,000 between 845 and 900 nm in the red. We
reduced these data using the standard 2dfdr pipeline.2
We estimated spectroscopic stellar parameters effective
temperature Teff , surface gravity log g, and metallic-
ity [Fe/H] using the sick package (Casey 2016).3 We
then selected the giants 2MASS J172452.74-281459.4,
2 https://www.aao.gov.au/science/software/2dfdr
3 https://github.com/andycasey/sick
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2MASS J175228.08-320947.6, and 2MASS J175836.79-
313707.6 for high-resolution follow-up based on their low
sick-inferred metallicities and bright apparent magni-
tudes. We plot the locations of these three stars on the
Gaia DR2 all-sky image of the Galaxy in Figure 1.
We followed up these three giants with the Magel-
lan Inamori Kyocera Echelle (MIKE) spectrograph on
the Magellan Clay Telescope at Las Campanas Obser-
vatory (Bernstein et al. 2003; Shectman & Johns 2003).
We used either the 0.′′7 or 1.′′0 slits and the standard
blue and red grating azimuths, yielding spectra between
335 nm and 950 nm with resolution R ≈ 40,000/28,000
in the blue and R ≈ 31,000/22,000 in the red for the
0.′′7/1.′′0 slits. We collected all calibration data (e.g.,
bias, quartz & “milky” flat field, and ThAr lamp frames)
in the afternoon before each night of observations. We
present a log of these observations in Table 1. We re-
duced the raw spectra and calibration frames using the
CarPy4 software package (Kelson et al. 2000; Kelson
2003; Kelson et al. 2014). We used iSpec5 (Blanco-
Cuaresma et al. 2014; Blanco-Cuaresma 2019) to cal-
culate radial velocities and barycentric corrections and
normalized individual orders using IRAF6 (Tody 1986,
1993).
The extreme extinction and reddening towards the in-
ner bulge strongly affected the signal-to-noise ratio S/N
of our spectra blueward of 600 nm. At 400 nm near the
Ca II H and K lines, our spectra have S/N ≈ 3/pixel.
At 520 nm near the Mg I b triplet our spectra have
S/N ≈ 10/pixel, while at 660 nm near Hα our spec-
tra have S/N ≈ 60/pixel. Near the near-infrared Ca II
triplet at 850 nm, our spectra have S/N ≈ 120/pixel.
We therefore focused our absorption line measurements
on the long wavelength portions of our spectra.
3. STELLAR PROPERTIES
3.1. Stellar Parameters
We used the isochrones7 (Morton 2015) package to
estimate Teff and log g of each star using as inputs their:
1. g and r magnitudes and associated uncertainties
from Data Release (DR) 1.1 of the SkyMapper
Southern Sky Survey (Wolf et al. 2018);
2. J , H, and Ks magnitudes and associated uncer-
tainties from the 2MASS PSC (Skrutskie et al.
2006);
3. W1, W2, and W3 magnitudes and associated
uncertainties from the Wide-field Infrared Sur-
vey Explorer (WISE) AllWISE Source Catalog
(Wright et al. 2010; Mainzer et al. 2011);
4. prior-informed distance estimates from Bailer-
Jones et al. (2018) based on Gaia DR2 astrome-
try (Gaia Collaboration et al. 2016, 2018; Arenou
et al. 2018; Hambly et al. 2018; Lindegren et al.
2018; Luri et al. 2018).
We used isochrones to fit the Dartmouth Stellar Evo-
lution Database (Dotter et al. 2007, 2008) library gen-
erated with the Dartmouth Stellar Evolution Program
(DSEP) to these observables using MultiNest8 (Feroz
& Hobson 2008; Feroz et al. 2009, 2019). We re-
stricted the Dartmouth library to α-enhanced compo-
sition [α/Fe] = +0.4, stellar age τ in the range 10.0 Gyr
≤ τ ≤ 13.721 Gyr, and extinction AV in the range 2.0
mag ≤ AV ≤ 5.0 mag. For each star, we initially as-
sumed the values Teff = 4750 ± 250 K, log g = 2 ± 1,
[Fe/H] = −3.0 ± 1.0 for the likelihood calculation. We
limited distances d considered to the range suggested
by Bailer-Jones et al. (2018). We plot the locations of
all three stars relative to isochrones in J − Ks versus
Ks color–magnitude diagrams in Figure 2 and give the
resulting isochrone-inferred parameters Teff , log g, AV ,
τ , stellar luminosity L∗, stellar mass M∗, and isochrone
distance diso in Table 2. This approach is analogous
to the StarHorse technique from Queiroz et al. (2018,
2020).
4 http://code.obs.carnegiescience.edu/mike
5 https://www.blancocuaresma.com/s/iSpec
6 https://iraf-community.github.io/
7 https://github.com/timothydmorton/isochrones
8 https://ccpforge.cse.rl.ac.uk/gf/project/multinest/
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Figure 1. Gaia DR2 image of the Milky Way. We indicate the locations of the metal-poor inner bulge giants 2MASS J172452.74-
281459.4, 2MASS J175228.08-320947.6, and 2MASS J175836.79-313707.6 as blue points. The shaded rectangle indicates the
region in which Tumlinson (2010) suggest that more than ten percent of stars with [Fe/H] ≤ −3 formed at a time equivalent to
z > 15, or more than 13.45 Gyr in the past (Wright 2006).
Table 1. Log of Magellan/MIKE Observations
Star UT Date Start End Slit Width Exposure Time RV
(s) (km s−1)
J172452.74-281459.4 06/29/2017 04:21:29 04:32:29 1.′′0 660 +9.23
J175228.08-320947.6 06/29/2017 04:34:37 04:54:37 1.′′0 1200 −62.52
J175228.08-320947.6 07/02/2017 03:52:14 04:38:38 0.′′7 2700 −63.98
J175836.79-313707.6 06/29/2017 02:56:51 04:19:21 1.′′0 4800 −196.42
J175836.79-313707.6 06/29/2017 04:56:40 05:26:40 1.′′0 1800 −196.42
l
J − Ks  [mag]
K s
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Figure 2. Locations of the three stars in our sample relative to Dartmouth isochrones with the indicated parameters.
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In parallel we obtained spectroscopic stellar parame-
ter using the classical excitation/ionization balance ap-
proach. We measured the equivalent widths of Fe I
and Fe II atomic absorption lines in our continuum-
normalized spectra by fitting Gaussian profiles with the
splot task in IRAF. We used the deblend task to disen-
tangle absorption lines from adjacent spectral features
whenever necessary. The atomic data for Fe I and Fe II
are from linemake (Sneden et al. 2009, 2016) main-
tained by Vinicius Placco and Ian Roederer9 as collected
in Ji et al. (2020, submitted). We report our input
atomic data, measured equivalent widths, and inferred
abundances in Table 3.
We used 1D plane-parallel α-enhanced ATLAS9 model
atmospheres (Castelli & Kurucz 2004), the 2019 version
of the MOOG radiative transfer code (Sneden 1973), and
the q2 MOOG wrapper10 (Ramı´rez et al. 2014) to calculate
Teff , log g, [Fe/H], and microturbulence ξ by simultane-
ously minimizing:
1. the difference between our inferred Fe I and Fe II
abundances;
2. the dependence of Fe I abundance on excitation
potential;
3. the dependence of Fe I abundance on reduced
equivalent width.
We initiated our optimization with reasonable guesses
for [Fe/H] and ξ plus Teff and log g 500 K and 1.0 dex
lower than the isochrone-inferred parameters. We find
the spectroscopic stellar parameters listed in Table 4.
Due to the low S/N of our spectra blueward of 600 nm,
we only analyzed Fe I and Fe II lines with λ ≥ 500 nm.
As a result, we cannot reliably measure a large number
of Fe I lines over a wide range of excitation potential.
In addition, most unblended Fe II lines in the spectra of
metal-poor giants have λ < 500 nm. These two issues
make it difficult to infer stellar parameters in a robust
way using spectroscopy alone.
It has long been known that spectroscopic stellar pa-
rameters inferred for metal-poor giants using the classi-
cal approach differ from those derived using photometry
and parallax information (e.g., Korn et al. 2003; Frebel
et al. 2013; Mucciarelli & Bonifacio 2020). Since local
thermodynamic equilibrium (LTE) is almost always as-
sumed in the model atmospheres used to interpret equiv-
alent width measurements, these differences are often
attributed to the violation of the assumptions of LTE in
9 https://github.com/vmplacco/linemake
10 https://github.com/astroChasqui/q2
the photospheres of metal-poor giants. As a result, we
impose the constraints on Teff and log g deduced from
our isochrone analysis and use the same optimization
strategy to search for a self-consistent set of spectro-
scopic stellar parameters Teff , log g, [Fe/H], and ξ using
the classical excitation/ionization balance approach.
We calculated our adopted [Fe/H] and ξ uncertain-
ties due to our uncertain Teff and log g estimates us-
ing a Monte Carlo simulation. On each iteration, we
randomly sample self-consistent pairs of Teff and log g
from our isochrone posteriors and calculate the best
[Fe/H] and ξ using the classical excitation/ionization
balance approach. After we find a converged solu-
tion, we calculate mean iron abundances using our Fe I
and Fe II equivalent width measurements assuming the
stellar parameters found on that iteration. We save
the result of each iteration and calculate [Fe/H] and
its uncertainty as the (16,50,84) percentiles of the re-
sulting metallicity distribution ([Fe/H]= −2.03+0.01−0.01 for
2MASS J172452.74-281459.4, [Fe/H]= −2.58+0.01−0.01 for
2MASS J175228.08-320947.6, and [Fe/H]= −3.15+0.02−0.01
for 2MASS J175836.79-313707.6). We then take these
uncertainties and the converged stellar parameters de-
scribed in the preceding paragraph and use them to redo
the isochrone calculation using the converged stellar pa-
rameters and their uncertainties in the likelihood cal-
culation. We repeat this entire process three times to
obtain our final stellar parameters presented in Table 2.
The final uncertainties in Table 2 are larger than those
described above because the values in Table 2 account
for both the standard deviation in iron abundance in-
ferred from individual lines and the uncertainties due
to our imperfectly estimated stellar parameters derived
from the Monte Carlo analysis. The precise Teff and
log g resulting from our isochrone analysis imply that
the ultimate accuracy of our [Fe/H] estimate is limited
by the uncertainties in our measured equivalent widths.
As a final check, we used our measured Fe I and Fe II
equivalent widths and initiated our optimization pro-
cess using the final set of stellar parameters listed in Ta-
ble 2. We find that the spectroscopically inferred stellar
parameters that result are consistent within their uncer-
tainties to our preferred values in Table 2.
In addition, we used the Casagrande et al. (2010) In-
frared Flux Method (IRFM) to verify our isochrone-
inferred Teff . We deredden the 2MASS J − Ks col-
ors of our stars using the bulge-specific reddening maps
from Gonzalez et al. (2011, 2012). In the IRFM cal-
culation itself, we used the adopted log g and [Fe/H]
given in Table 2. For 2MASS J172452.74-281459.4,
2MASS J175228.08-320947.6, and 2MASS J175836.79-
313707.6 we find IRFM Teff ≈ 4530 ± 350 K, 4780 ±
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Table 3. Line List, Equivalent-width Measurements, and Abundances
Star Wavelength Species Excitation Potential log gf Equivalent Width X
(A˚) (eV) (mA˚)
J172452.74-281459.4 5682.633 Na I 2.102 −0.706 20.70 4.330
J172452.74-281459.4 5688.203 Na I 2.104 −0.406 36.50 4.339
J172452.74-281459.4 5889.951 Na I 0.000 0.108 344.00 4.327
J175228.08-320947.6 5682.633 Na I 2.102 −0.706 3.00 3.728
J175228.08-320947.6 5688.203 Na I 2.104 −0.406 2.50 3.349
J175836.79-313707.6 5889.951 Na I 0.000 0.108 141.00 3.144
J172452.74-281459.4 5528.405 Mg I 4.346 −0.498 124.00 5.523
J172452.74-281459.4 5711.088 Mg I 4.343 −1.724 51.20 5.845
J175228.08-320947.6 5172.684 Mg I 2.712 −0.393 245.40 5.418
J175228.08-320947.6 5183.604 Mg I 2.717 −0.167 213.00 4.821
J175228.08-320947.6 5528.405 Mg I 4.346 −0.498 132.80 5.902
J175228.08-320947.6 5711.088 Mg I 4.343 −1.724 16.20 5.520
J175836.79-313707.6 5172.684 Mg I 2.712 −0.393 160.60 4.560
J175836.79-313707.6 5183.604 Mg I 2.717 −0.167 181.70 4.621
Note—This table is published in its entirety in the machine-readable format. A portion is shown here for
guidance regarding its form and content.
Table 4. Spectroscopic Stellar Parameters
Star Teff log g [Fe/H] ξ
(K) (km s−1)
J172452.74-281459.4 4780± 240 1.40± 0.60 −1.90± 0.20 3.2± 0.7
J175228.08-320947.6 4790± 210 0.47± 0.51 −2.57± 0.20 3.4± 0.9
J175836.79-313707.6 4820± 280 1.94± 0.86 −3.27± 0.33 2.5± 0.5
400 K, and 4680± 400 K in accord with the isochrone-
inferred Teff for each star. The large uncertainties in the
IRFM Teff are due to the reddening uncertainties in the
Gonzalez et al. (2011, 2012) map.
Finally, we calculated 1D non-LTE corrections to
our individual iron line abundances using the Amarsi
et al. (2016) grid. While that grid was calculated with
MARCS model atmospheres (Gustafsson et al. 2008)
and our iron abundances were calculated with ATLAS9
model atmospheres, both model atmospheres are very
similar and we expect any differences to have only a
small effect on our abundance corrections. We find
that the mean non-LTE corrections for Fe I lines in
our three giant stars to be 0.18, 0.18, and 0.14 dex
for 2MASS J172452.74-281459.4, 2MASS J175228.08-
320947.6, and 2MASS J175836.79-313707.6. The cor-
rections are smaller for Fe II: 0.03, 0.03, and 0.04
for 2MASS J172452.74-281459.4, 2MASS J175228.08-
320947.6, and 2MASS J175836.79-313707.6. These cor-
rections are of the magnitude expected for giant stars
in this metallicity regime (e.g., HD 122563 from Amarsi
et al. 2016). We give our non-LTE [Fe/H] values in Ta-
ble 2.
3.2. Stellar Orbits
To confirm that these giants located in the bulge
are indeed on tightly bound orbits, we calculated their
Galactic orbits using galpy11. We sampled 1,000 Monte
Carlo realizations from the Gaia DR2 astrometric so-
lutions for each star using the distance posterior that
results from our isochrone analysis while taking full ac-
11 https://github.com/jobovy/galpy
The Most Metal-poor Stars in the Inner Bulge 9
count of the covariances between position, parallax, and
proper motion. We used the radial velocities derived
from our high-resolution MIKE spectra and assumed no
covariance between our measured radial velocity and the
Gaia DR2 astrometric solution. We used each Monte
Carlo realization as an initial condition for an orbit and
integrated it forward 10 Gyr in a Milky Way-like po-
tential. We adopted the MWPotential2014 described by
Bovy (2015). In that model, the bulge is parameter-
ized as a power-law density profile that is exponentially
cut-off at 1.9 kpc with a power-law exponent of −1.8.
The disk is represented by a Miyamoto–Nagai potential
with a radial scale length of 3 kpc and a vertical scale
height of 280 pc (Miyamoto & Nagai 1975). The halo
is modeled as a Navarro–Frenk–White halo with a scale
length of 16 kpc (Navarro et al. 1996). We set the so-
lar distance to the Galactic center to R0 = 8.122, kpc,
the circular velocity at the Sun to V0 = 238 km s
−1, the
height of the Sun above the plane to z0 = 25 pc, and the
solar motion with the respect to the local standard of
rest to (U, V, W) = (10.0, 11.0, 7.0) km s−1 (Juric´
et al. 2008; Bland-Hawthorn & Gerhard 2016; Gravity
Collaboration et al. 2018). We give the resulting Galac-
tic orbits in Table 2. We find that the Galactic orbits
of all three giant stars have apocenters Rapo . 4 kpc,
confirming that they are all indeed tightly bound to the
Galaxy and confined to the bulge region.
4. CHEMICAL ABUNDANCES
We measured the equivalent widths of atomic absorp-
tion lines for Na I, Mg I, Al I, Si I, Ca I, Sc II, Ti I, Ti II,
Cr I, Cr II, Mn I, Co I, Ni I, Cu I, Zn I, Sr II, Y II, Ba II,
and La II in our continuum-normalized spectra by fit-
ting Gaussian profiles with the splot task in IRAF. We
used the deblend task to disentangle absorption lines
from adjacent spectral features whenever necessary. We
measured an equivalent width for every transition in our
line list that could be recognized as an absorption line
regardless of S/N or wavelength, taking into considera-
tion the quality of a spectrum in the vicinity of a line
and the availability of alternative transitions of the same
species. We employed the 1D plane-parallel α-enhanced
ATLAS9 model atmospheres and the 2019 version of
MOOG to calculate abundances for each equivalent width.
In addition, we used spectral synthesis to infer the abun-
dance of Eu II and to confirm the equivalent-width based
abundance of Ba II. We report our input atomic data
from Ji et al. (2020, submitted), measured equivalent
widths, and individual inferred abundances in Table 3.
We present our adopted mean chemical abundances and
associated uncertainties in Table 5. The standard de-
viation of abundances inferred for individual lines σ
does not not take into account the uncertainties in our
adopted stellar parameters. The uncertainties in indi-
vidual abundances relative to iron σ[X/Fe] include both
the standard deviation of abundances inferred for indi-
vidual lines and the spectroscopic stellar parameter un-
certainties assuming local thermodynamic equilibrium.
We plot these later uncertainties in Figures 3, 5, 6, and
8.
Table 5. Chemical Abundances
Star Species N X σ [X/H] [X/Fe] σ[X/Fe]
J172452.74-281459.4 Na I 3 4.332 0.003 −1.908 0.124 0.012
Na INLTE 3 4.204 · · · −2.036 −0.004 · · ·
Mg I 2 5.684 0.114 −1.916 0.116 0.161
Al I 2 4.828 0.066 −1.622 0.410 0.093
Si I 5 5.726 0.026 −1.784 0.248 0.029
Ca I 18 4.607 0.081 −1.733 0.299 0.084
Sc II 5 1.250 0.073 −1.900 0.132 0.082
Ti I 42 3.157 0.062 −1.884 0.148 0.065
Ti II 50 2.922 0.126 −2.028 0.004 0.127
Ti · · · 3.029 · · · −1.921 0.111 0.106
Cr I 7 3.254 0.148 −2.386 −0.354 0.161
Cr II 2 4.027 0.237 −1.613 0.419 0.336
Mn I 3 2.796 0.014 −2.634 −0.602 0.020
Fe I 22 5.309 0.174 −2.191 · · · · · ·
Fe II 12 5.626 0.182 −1.874 · · · · · ·
Co I 5 3.146 0.044 −1.844 0.188 0.050
Ni I 14 4.256 0.056 −1.964 0.068 0.059
Table 5 continued
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Table 5 (continued)
Star Species N X σ [X/H] [X/Fe] σ[X/Fe]
Zn I 2 2.958 0.117 −1.602 0.430 0.166
Sr I 1 1.124 0.000 −1.746 0.286 0.016
Sr II 2 ≥ −1.280 · · · ≥ −4.150 ≥ −2.118 · · ·
Y II 3 −0.076 0.027 −2.286 −0.254 0.034
Ba II 2 0.131 0.080 −2.049 −0.017 0.113
La II 2 ≤ −0.154 · · · ≤ −1.254 ≤ 0.778 · · ·
J175228.08-320947.6 Na I 2 3.538 0.134 −2.702 −0.144 0.190
Na INLTE 2 3.445 · · · −2.795 −0.236 · · ·
Mg I 4 5.415 0.194 −2.185 0.373 0.225
Al I 1 3.889 0.000 −2.561 −0.003 0.032
Si I 5 5.646 0.061 −1.864 0.694 0.069
Ca I 15 4.053 0.071 −2.287 0.271 0.073
Sc II 5 0.665 0.090 −2.485 0.073 0.101
Ti I 28 3.156 0.119 −1.885 0.673 0.121
Ti II 36 2.414 0.088 −2.536 0.022 0.089
Ti · · · 2.739 · · · −2.211 0.347 0.102
Cr I 5 3.037 0.190 −2.603 −0.045 0.212
Cr II 4 2.822 0.109 −2.818 −0.260 0.126
Mn I 3 2.817 0.138 −2.613 −0.055 0.169
Fe I 50 4.871 0.218 −2.629 · · · · · ·
Fe II 6 5.055 0.223 −2.445 · · · · · ·
Co I 4 3.199 0.041 −1.791 0.767 0.048
Ni I 9 3.911 0.074 −2.309 0.249 0.079
Zn I 1 2.251 0.000 −2.309 0.249 0.003
Sr I 1 0.898 0.000 −1.972 0.586 0.007
Sr II 1 0.076 0.000 −2.794 −0.236 0.040
Y II 2 −0.392 0.061 −2.602 −0.044 0.087
Ba II 2 −1.262 0.077 −3.442 −0.884 0.109
La II 2 ≤ −0.318 · · · ≤ −1.418 ≤ 1.140 · · ·
J175836.79-313707.6 Na I 1 3.144 0.000 −3.096 0.050 0.025
Na INLTE 1 2.778 · · · −3.462 −0.312 · · ·
Mg I 2 4.591 0.022 −3.009 0.137 0.041
Al I 1 ≤ 3.064 · · · ≤ −3.386 ≤ −0.240 · · ·
Si I 4 5.050 0.224 −2.460 0.686 0.259
Ca I 15 3.529 0.088 −2.811 0.335 0.092
Sc II 3 0.390 0.032 −2.760 0.386 0.042
Ti I 27 3.293 0.115 −1.748 1.398 0.119
Ti II 42 2.489 0.133 −2.461 0.685 0.135
Ti · · · 2.804 · · · −2.146 1.000 0.131
Cr I 4 2.598 0.014 −3.042 0.104 0.025
Cr II 3 2.926 0.231 −2.714 0.432 0.283
Mn I 3 2.769 0.067 −2.661 0.485 0.083
Fe I 42 4.325 0.244 −3.175 · · · · · ·
Fe II 6 4.161 0.264 −3.339 · · · · · ·
Co I 1 2.561 0.000 −2.429 0.717 0.020
Ni I 6 3.442 0.123 −2.778 0.368 0.136
Cu I 1 1.817 0.000 −2.373 0.773 0.020
Zn I 2 2.209 0.016 −2.351 0.795 0.024
Sr II 2 −0.950 0.058 −3.820 −0.674 0.086
Y II 3 −0.289 0.111 −2.499 0.647 0.136
Ba II 3 −1.293 0.165 −3.473 −0.327 0.202
La II 1 ≤ −0.286 · · · ≤ −1.386 ≤ 1.760 · · ·
Note—Abundance ratios assume Asplund et al. (2009) solar photospheric abundances.
To serve as comparison samples, we collected chemical
abundances for outer bulge stars and halo stars from the
literature. Our outer bulge comparison sample comes
from Garc´ıa Pe´rez et al. (2013), Casey & Schlaufman
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(2015), Howes et al. (2015, 2016), Lamb et al. (2017),
and Lucey et al. (2019). Our halo comparison sample
comes from Cayrel et al. (2004), Bonifacio et al. (2009a),
and Reggiani et al. (2017). We note that the current
sample of metal-poor bulge stars shows larger abun-
dance dispersions than the sample of well-studied halo
stars for all elements. These large dispersions are most
likely due to the lower S/N of the input bulge spectra
combined with the lack of a large-scale homogeneous
abundance analyses in the metal-poor bulge. On the
other hand, it could also be that the metal-poor stars
in the bulge are first-generation Population II (Pop II)
stars for which the large dispersions appear because each
star records the nucleosynthesis of individual Population
III (Pop III) supernovae. While we regard the former as
more likely, only a large-scale homogeneous abundance
analysis of hundreds of metal-poor bulge stars will settle
the issue.
4.1. α Elements
Oxygen, magnesium, silicon, calcium, and titanium
are often referred to as α elements. Magnesium, silicon,
and calcium are formed via similar nucleosynthetic chan-
nels. Magnesium is mainly formed via carbon burning
in core-collapse supernovae (thermonuclear supernovae
provide an order of magnitude less). Silicon is mostly a
product of oxygen burning and is itself the most abun-
dant product of oxygen burning. Core-collapse and ther-
monuclear supernovae contribute to silicon production
in equal proportion. Calcium is the product of both hy-
drostatic and explosive oxygen and silicon burning. It
is mostly produced in core-collapse supernovae. Even
though titanium forms either in the α-rich freeze-out
of shock-decomposed nuclei during core-collapse super-
novae or in explosive 4He fusion in the envelopes of
CO white dwarfs during thermonuclear supernovae (e.g.,
Woosley & Weaver 1994; Livne & Arnett 1995), it is of-
ten considered alongside the true α elements because of
their correlated chemical abundances (Clayton 2003).
We plot in Figure 3 our inferred α abundances. We
find that our metal-poor giants in the inner bulge
roughly track the α abundances observed in the outer
bulge and halo comparison samples. The one exception
is the high Ti I and Ti II abundances we infer for our
most metal-poor star 2MASS J175836.79-313707.6. We
plot in Figure 4 a representative Ti II line of 2MASS
J175836.79-313707.6 in comparison to the same line ob-
served in BPS CS 30312-0059, a star from Roederer et al.
(2014) with very similar spectroscopic stellar parameters
(Teff = 4780 K, log g = 1.4, and [Fe/H] = −3.3). We
will argue in Section 5 that the high titanium abundance
in 2MASS J175836.79-313707.6 is best explained by ex-
plosive 4He fusion in the envelope of a CO white dwarf
accreting from a helium star binary companion during
a Chandrasekhar-mass thermonuclear supernova.
The silicon abundances we infer from individual tran-
sitions for our three inner bulge giants have non-
negligible scatter and are affected by our stellar parame-
ter uncertainties. Nevertheless, our inferred abundances
are in accord with silicon abundance inferences in outer
bulge giants with [Fe/H] ≈ −3.2 and follow the same
trend observed at higher metallicities. We observe the
largest silicon abundances in our most metal-poor inner
bulge giant 2MASS J175836.79-313707.6. Most of the
accessible silicon lines redward of 500 nm are weak in
such a metal-poor giant, so we also measured two ad-
ditional lines at 3906 and 4103 A˚ that were identifiable
in its spectrum even at S/N ≈ 5/pixel at 400 nm. The
apparent difference between the silicon abundances in-
ferred for halo dwarfs and giants is usually attributed
to non-LTE effects even though other factors play a role
(e.g., Bonifacio et al. 2009b, Amarsi et al. 2020, submit-
ted). According to the Amarsi & Asplund (2017) grid
of non-LTE corrections12, the typical non-LTE silicon
abundance correction for a giant star with parameters
similar to 2MASS J175836.79-313707.6 (i.e., Teff = 4500
K, log g = 1.5, [Fe/H] = −3.0, ξ = 2 km s−1, and
Si ≈ 5.01) is about −0.02 dex. Non-LTE corrections
are more important for metal-poor dwarfs, as a dwarf
with a similar metallicity (Teff = 6500 K, log g = 4.5,
[Fe/H] = −3.0, ξ = 1 km s−1, and Si ≈ 5.01) will have
a non-LTE silicon correction of about +0.25 dex.
4.2. Light Odd-Z Elements
Like magnesium, sodium is mostly produced in core-
collapse supernovae via carbon burning. Unlike mag-
nesium, the surviving fraction of sodium in supernovae
ejecta depends on metallicity so it is treated as a sec-
ondary product. Sodium is also produced as a product
of hydrogen and helium fusion in thermonuclear explo-
sions, though in smaller quantities than in core-collapse
supernovae. Similar to sodium, aluminum is synthesized
during carbon fusion in core-collapse supernovae in a
secondary reaction that is dependent on the amount of
22Ne burned (which in turn depends on the carbon and
oxygen content of the star). In contrast to sodium and
aluminum, scandium is formed via both oxygen burn-
ing in core-collapse supernovae and as a product of α-
rich freeze-out in the shocked region just above the re-
bounded core (the same region responsible for 44Ti e.g.,
Clayton 2003).
12 http://www.mpia.de/homes/amarsi/index.html
12 Reggiani et al.
Figure 3. Abundances of α elements magnesium, silicon, calcium, and titanium relative to iron. We plot as blue stars our three
metal-poor inner bulge giants. We plot as light blue circles a literature compilation of metal-poor outer bulge stars from Garc´ıa
Pe´rez et al. (2013), Casey & Schlaufman (2015), Howes et al. (2015, 2016), Lamb et al. (2017), and Lucey et al. (2019). We plot
as light green squares halo giants from Cayrel et al. (2004) and as dark green triangles halo dwarfs from Bonifacio et al. (2009a)
& Reggiani et al. (2017). The point with error bars in the bottom right of each panel corresponds to the mean uncertainty
of our three stars. We find that the α-element abundances of the inner and outer bulge are consistent with those in the halo.
The high [Si/Fe] ≈ +0.7 abundance in our most metal-poor star 2MASS J175836.79-313707.6 is suggestive of nucleosynthesis
in an oxygen-rich environment while the [Ti/Fe] ≈ +1.0 abundance could be the result of a Chandrasekhar-mass thermonuclear
supernova of a CO white dwarf accreting from a helium star companion.
We plot in Figure 5 our inferred light odd-Z abun-
dances. We find that our metal-poor giants in the in-
ner bulge roughly track the light odd-Z abundances ob-
served in the outer bulge and halo comparison samples.
The one exception is the high scandium abundance we
infer for our most metal-poor star 2MASS J175836.79-
313707.6. We will argue in Section 5 that the high scan-
dium abundance in 2MASS J175836.79-313707.6 is pro-
duced by nucleosynthesis in oxygen-rich extreme Pop II
stars.
Sodium abundance inferences are strongly affected by
departures from LTE, as the main sodium abundance in-
dicator in our spectra is the resonant sodium doublet at
5889/5895 A˚. We corrected our abundances inferred un-
der the assumptions of LTE using the Lind et al. (2011)
correction grid provided via the INSPECT project13. To
correct the abundances of 2MASS J172452.74-281459.4
and 2MASS J175228.08-320947.6, we used the correc-
tion for a star with log g = 1 as our adopted gravi-
ties were outside the bounds of the available grid. The
sodium doublet is affected by interstellar medium (ISM)
absorption, and the extreme extinction along the line of
sight to the inner bulge can affect both the shape and
depth of the sodium doublet. As a result, we were un-
able to disentangle the effects of photospheric and ISM
absorption for the 5895 A˚ line and we do not use it in
our analysis. Two weaker sodium lines at 5682 and 5688
A˚ are available in the spectra of 2MASS J172452.74-
281459.4 and 2MASS J175228.08-320947.6 though, and
all abundances inferred from measured lines are in good
13 http://inspect.coolstars19.com/
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Figure 4. Comparison of manganese and titanium lines
for 2MASS J175836.79-313707.6 and BPS CS 30312-0059, a
star from Roederer et al. (2014) with very similar spectro-
scopic stellar parameters (Teff = 4780 K, log g = 1.4, and
[Fe/H] = −3.3). Top and middle: comparison of two Mn I
lines for 2MASS J175836.79-313707.6 (solid blue line) and
BPS CS 30312-0059 (dashed green line) Bottom: compari-
son of a Ti II line for 2MASS J175836.79-313707.6 (solid blue
line) and BPS CS 30312-0059 (dashed green line).
agreement. For 2MASS J175836.79-313707.6, we only
have the 5889 A˚ line. Its spectrum has good S/N and
is clear of ISM absorption, so we believe our inferred
sodium abundance is reliable. Most of the sodium abun-
dances in our comparison outer bulge and halo samples
have been corrected for departures from local thermo-
dynamic equilibrium. Cayrel et al. (2004) used correc-
tions from Baumueller et al. (1998) while Bonifacio et al.
(2009a) used corrections from Andrievsky et al. (2007).
Like our sodium abundances, Howes et al. (2015, 2016)
and Reggiani et al. (2017) were non-LTE corrected using
the grid from Lind et al. (2011). Casey & Schlaufman
(2015) and Lucey et al. (2019) did not account for non-
LTE effects.
It was extremely difficult to infer aluminum abun-
dances for our three stars. The best available aluminum
lines in metal-poor stars are usually the 3944 and 3961
A˚ lines, and the spectra of our highly extincted inner
bulge stars have very low S/N at λ < 400 nm. We
were unable to measure the equivalent width of either
line in 2MASS J172452.74-281459.4. We were only able
to measure upper limits for the equivalent widths of
the 3944 A˚ line in 2MASS J175836.79-313707.6 and the
3961 A˚ line in 2MASS J175228.08-320947.6. While there
are two weaker aluminum lines at 6696 and 6698 A˚,
they were only able to provide an upper limit on the
aluminum abundance of 2MASS J172452.74-281459.4.
While we report aluminum abundances assuming LTE
in Table 5, to fairly compare our aluminum abundances
with the outer bulge and halo samples we follow Reg-
giani et al. (2017) and add 0.65 dex to the LTE abun-
dances of our three stars as well as the LTE abundances
in the comparison samples.
We inferred the scandium abundances of our three
inner bulge giants using Sc II lines accounting for
hyperfine structure (HFS) using data taken from the
Kurucz compilation14. Similar to what we observed
with titanium, the abundance of scandium in 2MASS
J175836.79-313707.6 is enhanced relative to the com-
parison samples.
4.3. Iron-peak Elements
Iron-peak elements can be formed directly or as a
byproduct of explosive silicon burning, either incom-
plete (chromium and manganese) or complete (cobalt,
nickel, and zinc). Their nucleosynthesis mainly takes
place in thermonuclear supernovae (e.g., Clayton 2003;
Grimmett et al. 2019). The observed increase in the
abundance ratios [Co/Fe] and [Zn/Fe] with decreasing
[Fe/H] in metal-poor stars combined with the depen-
dence of cobalt and zinc yields on the explosion energies
of core-collapse supernovae also point to contributions
from hypernovae events at [Fe/H] . −3.0 (e.g., Cayrel
et al. 2004; Reggiani et al. 2017).
We plot in Figure 6 our inferred iron-peak abun-
dances. We find that our metal-poor giants in the
inner bulge consistently have higher iron-peak abun-
dances than the outer bulge and halo comparison sam-
ples. We also find a significantly supersolar manganese
abundance [Mn/Fe] ≈ +0.5 for our most metal-poor
star 2MASS J175836.79-313707.6. We do not correct
our inferred iron-peak abundances for non-LTE effects,
both because correction grids are lacking for all iron-
14 http://kurucz.harvard.edu/linelists.html
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Figure 5. Abundances of light odd-Z elements sodium, aluminum, and scandium relative to iron. We plot as blue stars our
three metal-poor inner bulge giants. We plot as light blue circles a literature compilation of metal-poor outer bulge stars from
Garc´ıa Pe´rez et al. (2013), Casey & Schlaufman (2015), Howes et al. (2015, 2016), Lamb et al. (2017), and Lucey et al. (2019).
We plot as light green squares halo giants from Cayrel et al. (2004) and as dark green triangles halo dwarfs from Bonifacio
et al. (2009a) & Reggiani et al. (2017). The point with error bars in the bottom right of each panel corresponds to the mean
uncertainty of our three stars. We find that the light odd-Z element abundances of the inner and outer bulge are consistent
with those in the halo. The high [Sc/Fe] ≈ +0.4 in our most metal-poor star 2MASS J175836.79-313707.6 is suggestive of
nucleosynthesis in an oxygen-rich environment.
peak elements and because the iron-peak abundances in
our comparison samples have not been corrected for de-
partures from the assumptions of LTE. We will argue
in Section 5 that the supersolar manganese abundance
in 2MASS J175836.79-313707.6—and indeed its entire
iron-peak abundance pattern—is best explained by nu-
cleosynthesis in a thermonuclear supernova.
We plot Cr I abundances in Figure 6 despite the fact
that those lines are strongly affected by departures from
LTE (e.g., Bergemann & Cescutti 2010; Reggiani et al.
2017). We prefer Cr I to Cr II in this case because
our inferred [Cr II/Fe] ratio in Table 5 is significantly
supersolar for 2MASS J175836.79-313707.6. Chromium
almost always appears in solar [Cr/Fe] ratios and nei-
ther core-collapse or thermonuclear supernovae produce
[Cr/Fe] & +0.3 (e.g., Clayton 2003; Grimmett et al.
2019). We therefore suspect that our inferred Cr II
abundances are affected by noise in our spectra.
We find relatively high [Mn/Fe] abundances in our
inner bulge sample, including a significantly supersolar
[Mn/Fe] ≈ +0.5 in our most metal-poor star 2MASS
J175836.79-313707.6. We plot in Figure 4 three Mn I
lines for 2MASS J175836.79-313707.6 in comparison to
the same lines observed in the comparison star BPS
CS 30312-0059. We included HFS components in our
abundance inferences using data taken from the Ku-
rucz compilation referenced above but did not correct
for departures from LTE. Corrections for departures
from the assumptions of LTE in metal-poor giants tend
to increase [Mn/Fe] and would not change our con-
clusion about 2MASS J175836.79-313707.6 (e.g., Berge-
mann et al. 2019; Eitner et al. 2020). The manganese
abundance in 2MASS J175836.79-313707.6 is based on
three weak manganese lines at 6013, 6016, and 6021
A˚. Our spectrum of 2MASS J175836.79-313707.6 has
S/N & 50/pixel at 600 nm and even though they are at
the limit of detectability, these three manganese lines all
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Figure 6. Abundances of iron-peak elements chromium, manganese, cobalt, nickel, and zinc. We plot as blue stars our three
metal-poor inner bulge giants. We plot as light blue circles a literature compilation of metal-poor outer bulge stars from Garc´ıa
Pe´rez et al. (2013), Casey & Schlaufman (2015), Howes et al. (2015, 2016), Lamb et al. (2017), and Lucey et al. (2019). We plot
as light green squares halo giants from Cayrel et al. (2004) and as dark green triangles halo dwarfs from Bonifacio et al. (2009a)
& Reggiani et al. (2017). The point with error bars in the bottom right of each panel corresponds to the mean uncertainty
of our three stars. For our three inner bulge stars, we find iron-peak abundances at the upper envelope of those observed in
the outer bulge and halo. The significantly supersolar [Mn/Fe] abundance ratio we find in our most metal-poor star 2MASS
J175836.79-313707.6 is thought to be a clear sign of nucleosynthesis in a Chandrasekhar-mass thermonuclear supernova (e.g.,
Seitenzahl et al. 2013a).
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appeared at their expected wavelengths and produce a
consistent manganese abundance estimate. We therefore
argue that the apparent lines are unlikely to be produced
by noise in our spectrum. Although the bluer manganese
lines typically analyzed in metal-poor giants are appar-
ent in the spectrum of 2MASS J175836.79-313707.6, the
abundances we infer from those lines are even higher.
We find relatively high cobalt abundances in our three
metal-poor inner bulge giants, especially in the range
−2.5 . [Fe/H] . −2.0. A comparison of cobalt lines
observed in the spectra of 2MASS J175228.08-320947.6
and 2MASS J175836.79-313707.6 with lines synthesized
assuming our adopted stellar parameters and cobalt
abundances supports this finding (Figure 7). At the
same time, our inferred zinc abundances closely track
those observed in the outer bulge and halo dwarf sam-
ples. Our cobalt abundance estimates come from lines
redward of 500 nm, while our zinc abundance estimates
are based on lines blueward of 500 nm in the noisier
parts of our spectra. We find supersolar nickel abun-
dances in our three inner bulge stars. Like the outer
bulge and halo comparison samples, we find no nickel
abundance trend with metallicity. This lack of a depen-
dence of nickel abundance on metallicity supports the
idea that nickel can be used as a metallicity tracer in
both the bulge and the halo (Singh et al. 2020).
4.4. Neutron-capture Elements
Elements beyond zinc are mostly produced by
neutron-capture processes either “slow” or “rapid” rela-
tive to β decay timescales. The relative contributions of
these s- and r-processes to the nucleosynthesis of each el-
ement are different and functions of metallicity. Some el-
ements like strontium, yttrium, barium, and lanthanum
are more commonly used as tracers of the s-process.
On the other hand, europium is used as tracer of r-
process nucleosynthesis (e.g., Cescutti et al. 2006; Jacob-
son & Friel 2013; Ji et al. 2016). Even though strontium
and barium are usually used as tracers of the s-process,
both can have important contributions from r-process
nucleosynthesis at lower metallicities (e.g., Battistini &
Bensby 2016; Casey & Schlaufman 2017; Mashonkina &
Belyaev 2019). Indeed, isotopic analyses of very metal-
poor stars have shown that up to 80% of the barium in
very metal-poor stars was synthesized in the r-process
(Mashonkina & Belyaev 2019).
We plot in Figure 6 our inferred neutron-capture ele-
ment abundances. We find that our metal-poor giants in
the inner bulge roughly track the neutron-capture abun-
dances observed in the outer bulge and halo comparison
samples. For strontium, we used Sr II lines to infer its
elemental abundances as those lines are not significantly
Figure 7. Comparison between observed and synthesized
lines of cobalt and yttrium. In each panel we plot the ob-
served flux in the vicinity of each line as black dots, the syn-
thesized line assuming our adopted stellar parameters and
abundances in blue, and the uncertainty in the synthesized
line given our abundance uncertainties in gray. Top: a Co I
line in the star 2MASS J175228.08-320947.6 compared with
the line synthesized for cobalt abundance A(Co) = 3.20±0.3.
Middle: the same Co I line in the star 2MASS J175836.79-
313707.6 compared with the line synthesized for cobalt abun-
dance A(Co) = 2.56 ± 0.3. Bottom: a Y II line in the star
2MASS J175836.79-313707.6 compared with the line synthe-
sized for yttrium abundance A(Y) = −0.29± 0.2.
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affected by departures from LTE (Hansen et al. 2013).
For yttrium we used HFS components from the same
Kurucz compilation referenced above, though we note
that the S/N of our spectra in the vicinity of the yttrium
lines were not high. Although we inferred our yttrium
abundances using equivalent widths, the observed spec-
trum of 2MASS J175836.79-313707.6 is in good agree-
ment with a synthesized Y II line at 5200 A˚ assuming
our inferred abundance A(Y) = −0.29± 0.2 (Figure 7).
For barium, the abundances we infer using both equiv-
alent widths and spectral synthesis based on unblended
Ba II lines in parts of our spectra with high S/N agree
within about 0.2 dex. For europium and lanthanum, the
low S/N of the blue parts of our spectra only allow us
to infer upper limits on their abundances.
5. DISCUSSION
The three metal-poor giants in the inner bulge we
studied have orbits that are confined to the bulge. They
are therefore likely to be among the oldest stars in the
Milky Way and trace the earliest stage of the forma-
tion of the Milky Way’s oldest component: the bulge.
We find that the abundances of our inner bulge stars
at [Fe/H] & −3.0 are for the most part in accord with
the abundances of stars with similar metallicities in the
outer bulge and halo.
The story is different for our most metal-poor inner
bulge giant 2MASS J175836.79-313707.6 at [Fe/H] =
−3.15. When compared to both the outer bulge and
halo comparison samples, it has high [Ti/Fe], [Sc/Fe],
and iron-peak abundances combined with supersolar
[Mn/Fe]. We propose that 2MASS J175836.79-313707.6
is an ancient third-generation star with α and light odd-
Z elements produced by massive Pop II stars that were
seeded with abundant oxygen by massive Pop III stars.
Unlike the progenitor(s) of the halo and the surviving
dwarf galaxies, the intense star formation rate in the
bulge will fully sample the stellar initial mass func-
tion and therefore produce many very massive stars.
According to the Pop III supernovae yields of Heger
& Woosley (2010), massive Pop III stars are prolific
producers of oxygen relative to iron. After their su-
pernovae, that overabundance of oxygen is transformed
into an overabundance of scandium by the first gener-
ation of massive Pop II stars and injected into the in-
terstellar medium by their supernovae. Titanium and
the iron-peak elements including manganese in 2MASS
J175836.79-313707.6 were simultaneously produced in
the Chandrasekhar-mass thermonuclear supernova of a
CO white dwarf accreting from a helium star binary
companion. The combination of fast stellar evolution
at low metallicities, relatively massive CO white dwarfs
produced by metal-poor stars, and efficient accretion
from a helium star produced a short delay time com-
parable to the combined lifetimes of two generations of
massive stars, about 10 Myr after the onset of star for-
mation in what would become the bulge of the Milky
Way.
To verify the scenario outlined above, we evalu-
ate the ability of models predicting the nucleosyn-
thetic yields of core-collapse and thermonuclear super-
novae to reproduce the observed abundance pattern of
2MASS J175836.79-313707.6. Oxygen-rich metal-poor
stars produce more scandium relative to iron than solar-
composition metal-poor stars (e.g., Woosley & Weaver
1995; Chieffi & Limongi 2004). The Chandrasekhar-
mass thermonuclear supernova of a CO white dwarf
accreting from a helium star binary companion will
produce large amounts of titanium and can explode
with a short delay time (e.g., Woosley & Weaver 1994;
Livne & Arnett 1995; Wang et al. 2009a,b). It is
thought that near Chandrasekhar-mass thermonuclear
supernovae are the only supernovae capable of produc-
ing [Mn/Fe] & 0, as only CO white dwarfs near the
Chandrasekhar mass have densities ρ & 2× 108 g cm−3
necessary to produce large amounts of 55Co that eventu-
ally decays into manganese (e.g., Seitenzahl et al. 2013a;
Yamaguchi et al. 2015; Seitenzahl & Townsley 2017).
In an effort to confirm the scenario outlined above, we
compare the abundances of 2MASS J175836.79-313707.6
with the yields predicted by three different classes
of Chandrasekhar-mass thermonuclear supernovae plus
one class of sub-Chandrasekhar-mass thermonuclear su-
pernovae:
1. Chandrasekhar-mass deflagration to detonation
transition (DDT) models with fixed C/O ratios
from Seitenzahl et al. (2013b) and DDT mod-
els with variable C/O ratios from Ohlmann et al.
(2014);
2. Chandrasekhar-mass pure (turbulent) deflagration
models from Fink et al. (2014);
3. Chandrasekhar-mass gravitationally confined det-
onation (GCD) models from Seitenzahl et al.
(2016);
4. sub-Chandrasekhar-mass models resulting from
the merger of two M∗ = 0.6 M CO white dwarfs
from Papish & Perets (2016).
We first fix the iron abundance predicted by each
model to the metallicity of 2MASS J175836.79-313707.6
and select the model that minimizes χ2 between our
observed abundances and the predicted yields. If we
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Figure 8. Abundances of neutron-capture elements strontium, yttrium, barium, lanthanum, and europium. We plot as blue
stars our three metal-poor inner bulge giants. We plot as light blue circles a literature compilation of metal-poor outer bulge
stars from Garc´ıa Pe´rez et al. (2013), Casey & Schlaufman (2015), Howes et al. (2015, 2016), Lamb et al. (2017), and Lucey
et al. (2019). We plot as light green squares halo giants from Cayrel et al. (2004) and as dark green triangles halo dwarfs from
Bonifacio et al. (2009a) & Reggiani et al. (2017). The point with error bars in the bottom right of each panel corresponds to the
mean uncertainty of our three stars. We find that the neutron-capture abundances of the inner and outer bulge are consistent
with those in the halo.
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focus only on the iron-peak abundances of chromium,
manganese, cobalt, and nickel we find that the pure de-
flagration model “N100Hdef” from Fink et al. (2014)
provides the best match to the abundances of 2MASS
J175836.79-313707.6. The observable properties of
model N100Hdef do not match those of any known class
of Type Ia supernovae though. If instead we consider
both the abundances of silicon and the iron-peak ele-
ments chromium, manganese, cobalt, and nickel we find
that the DDT model “N1600C” from Seitenzahl et al.
(2013b) with a compact, spherically symmetric ignition
provides the best match to the abundances of 2MASS
J175836.79-313707.6. In addition, model N1600C pro-
duces [Si/Mg] ≈ +0.9 that is fully consistent with
[Si/Mg] ≈ +0.6 ± 0.3 observed in 2MASS J175836.79-
313707.6. Moreover, the observable properties of the
DDT models from Seitenzahl et al. (2013b) do seem to
match the properties of ordinary Type Ia supernovae.
The sub-Chandrasekhar-mass model is a poor fit to the
abundances of 2MASS J175836.79-313707.6.
We also compare the abundances of 2MASS
J175836.79-313707.6 to the grid of updated Pop III
core-collapse supernovae “znuc2012” models from Heger
& Woosley (2010) using STARFIT15. Though the
best fit model (M∗ = 10.9 M, KEexp = 0.6 B,
log fmix = −0.6) has a similar χ2 value as our pre-
ferred Chandrasekhar-mass thermonuclear model, it has
an implausibly large amount of mixing and cannot
explain the chromium, manganese, cobalt, or nickel
abundances of 2MASS J175836.79-313707.6. Indeed,
the similar χ2 comes from the core-collapse model’s
higher predicted cobalt yield that still fails to explain
the cobalt abundance of 2MASS J175836.79-313707.6.
Though the overall χ2 values are comparable, we pre-
fer the Chandrasekhar-mass thermonuclear supernovae
model because it can self-consistently reproduce the
chromium, manganese, iron, and nickel abundances of
2MASS J175836.79-313707.6. We plot in Figure 9 the
best fit Chandrasekhar-mass and sub-Chandrasekhar-
mass thermonuclear supernovae models along with the
best-fit core-collapse supernova model.
Our scenario for the nucleosynthesis of the iron-
peak elements in 2MASS J175836.79-313707.6 requires
a Chandrasekhar-mass thermonuclear supernovae to oc-
cur about 10 Myr after the formation of the first stars
in what would become the bulge of the Milky Way.
Chandrasekhar-mass thermonuclear supernovae are of-
ten assumed to have occurred through the so-called “sin-
gle degenerate” channel in which a CO white dwarf ac-
15 http://starfit.org/
cretes material from Roche-lobe overflow or a strong
wind from a main sequence, subgiant, helium star,
or red giant binary companion. A single-degenerate
Chandrasekhar-mass thermonuclear supernovae requires
a CO white dwarf. At solar metallicity, the first CO
white dwarfs appear 30 to 40 Myr after the onset of
star formation when stars less massive than 8 M start
to end their lives as white dwarfs. Metal-poor stars
both move through their stellar evolution more quickly
and produce more massive CO white dwarfs that re-
quire less accretion and therefore less time to reach
the Chandrasekhar mass than solar-metallicity stars
(e.g., Meng et al. 2008). The titanium abundance of
2MASS J175836.79-313707.6 prefers accretion from a
helium star companion, and such configurations have
been shown to reduce the delay times of thermonuclear
supernovae (e.g., Wang et al. 2009a,b). As a result,
it seems plausible that Chandrasekhar-mass thermonu-
clear supernovae delay times as short as 10 Myr might
be achieved in a stellar population with [Fe/H] ∼ −3.
Appealing to a thermonuclear supernova model that
produces 0.5 M of iron to explain the iron-peak abun-
dances of a star with [Fe/H] = −3.15 requires either a
significant outflow of iron or an enormous dilution by
unenriched gas. The depth of the potential at the cen-
ter of the nascent Milky Way combined with the pres-
ence of dense gas fueling ongoing star formation that
would shock ejecta and remove its kinetic energy indi-
cates that dilution is a better explanation. To dilute
0.5 M of iron to the metallicity of 2MASS J175836.79-
313707.6 requires mixing with about 106 M of pristine
gas. While this is a substantial amount of unenriched
gas, the young bulge is predicted to have had high accre-
tions rates of pristine gas due to the high gas densities
and frequent mergers expected for a relatively high σ
peak in the redshift z & 2 Universe.
The bulge of the young Milky Way is the ideal place
to form stars like 2MASS J175836.79-313707.6. Even
if the progenitor system of a Chandrasekhar-mass ther-
monuclear supernova that explodes with a delay time
of 10 Myr is intrinsically rare, the star formation rate
is so high in the bulge of the young Milky Way that
there are lots of chances for it to form. The high star
formation rate will also fully sample the stellar initial
mass function and produce the massive Pop III or ex-
treme Pop II stars necessary to produce the oxygen that
will be transformed into silicon and scandium by future
massive stars and their supernovae. The gas density
and frequent mergers expected above z ≈ 2 will pro-
vide the unenriched gas necessary to form stars with
[Fe/H] ∼ −3 in a region with a high star formation
rate. We therefore suggest that stars with abundance
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Figure 9. Comparison of our inferred abundances for 2MASS J175836.79-313707.6 with theoretical yields from supernovae
models. We minimize χ2 between our observed abundances and the thermonuclear supernovae and core-collapse supernovae
yields predicted by Seitenzahl et al. (2013b), Fink et al. (2014), Ohlmann et al. (2014), Seitenzahl et al. (2016), Papish & Perets
(2016), and an updated version of Heger & Woosley (2010) after fixing the predicted abundances patterns to match our inferred
iron abundance. Top: when considering both silicon and the iron-peak elements chromium, manganese, cobalt, and nickel, we
find that the Chandrasekhar-mass deflagration to detonation transition (DDT) model N1600C from Seitenzahl et al. (2013b)
best reproduces our data. Middle: the best-fit sub-Chandrasekhar-mass model “1A” from Papish & Perets (2016) is a poor fit
to the abundances of 2MASS J175836.79-313707.6. Bottom: the best-fit core-collapse supernova model cannot reproduce the
chromium, manganese, cobalt, or nickel abundances of 2MASS J175836.79-313707.6.
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patterns like that of 2MASS J175836.79-313707.6 en-
riched by thermonuclear supernovae should only be ob-
served in the halo or classical dwarf spheroidal galax-
ies at higher metallicities. Though uncommon, the
abundance pattern of 2MASS J175836.79-313707.6 is
not unique. de los Reyes et al. (2020) inferred man-
ganese abundances for 161 giants in six classical dwarf
spheroidal galaxies and found [Mn/Fe] as high as our
inferred value for 2MASS J175836.79-313707.6 in stars
at approximately −3.0 . [Fe/H] . −2.5. They con-
cluded that their observed abundances are indicative of
Chandrasekhar-mass thermonuclear supernovae occur-
ring at higher metallicities −2 . [Fe/H] . −1.
6. CONCLUSION
Metal-poor stars in the bulge on tightly bound or-
bits are thought to be the oldest stars in the Milky
Way. We used the mid-infrared metal-poor star selec-
tion of Schlaufman & Casey (2014) to find the three
most metal-poor stars known in the inner bulge. All
three stars are on tightly bound orbits and confined to
the bulge region. The detailed abundances of our two
inner bulge giants with [Fe/H] & −3 have high iron-
peak abundances but are otherwise similar to metal-
poor stars in the outer bulge and halo. Our most metal-
poor star 2MASS J175836.79-313707.6 has high [Ti/Fe],
[Sc/Fe], and iron-peak abundances. It also has super-
solar [Mn/Fe]. We argue that it is a second-generation
Pop II star that was enriched by both massive Pop III or
first-generation Pop II stars and a Chandrasekhar-mass
thermonuclear supernova accreting from a helium star
companion that exploded with a delay time of about
10 Myr. We argue that stars like 2MASS J175836.79-
313707.6 with [Fe/H] . −3 should be much more com-
mon in the bulge than in the halo or dwarf galaxies
because of the young bulge’s high star formation rate
and frequent inflows of unenriched gas.
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